The ability to assign function to proteins has become a major bottleneck for comprehensively understanding cellular mechanisms at the molecular level. Here we discuss the extent to which structural domain classifications can help in deciphering the complex relationship between the functions of proteins and their sequences and structures. Structural classifications are particularly helpful in understanding the mosaic manner in which new proteins and functions emerge through evolution. This is partly because they provide reliable and concrete domain definitions and enable the detection of very remote structural similarities and homologies. It is also because structural data can illuminate more clearly the mechanisms by which a broader functional repertoire can emerge during evolution. 
Background
The fact that genes and proteins can be assigned to families and superfamilies is a feature that many computational approaches exploit to interpret the flood of data from genomics projects [1] . Even though, as discussed in this review, families sometimes display unexpected diversity in terms of structure, function and sequence, the recognition of family membership for uncharacterised genes and proteins is often a first step towards understanding their biological role.
With the growth of data in the PDB it became apparent that protein structure was more highly conserved than sequence throughout evolution, and a number of structural classifications emerged to capture evolutionary relationships. The most comprehensive of these classifications are CATH [2] and SCOP [3] , in which domains are identified within protein three-dimensional structures and are classified in the same superfamily if there is evidence of evolutionary relationships between them. Superfamilies are further grouped together if their members share a similar structural fold.
Since it is known that domains frequently combine to give proteins with new functions [4 ] and because we ultimately hope to exploit domain families to predict functions and understand how they are modified by domain context, we consider to what extent current structural knowledge supports the notion of a domainbased grammar for describing protein functions. Such a grammar rests on the idea of domain families as individual functional units, with their association in proteins giving rise to novel functions according to complex combinatorial rules.
Challenges in classifying domain structures into superfamilies
Before examining the value of structure classifications for predicting protein functions, we should first consider the challenges faced in building these classifications. Although SCOP and CATH capture information on fold similarities between domain structures, both resources focus primarily on the characterisation of superfamilies, which, as explained below, is much more useful than the fold level for function inference [5] . However, the grouping of domain superfamilies into fold groups can be helpful as this structural similarity may suggest a very remote homology and the determination of further structures or sequences may provide additional clues to merge these superfamilies [11] . Although both classifications have adopted hierarchical schema with levels above the superfamily such as architecture and fold, these are largely aimed at organising the data and are not as rigorously defined as the superfamily level. For example, the subjective nature of fold identification results in much greater differences between CATH and SCOP at the fold level than at the superfamily level [6] .
To address this issue, several authors have advocated fold classification schemes based on strict quantitative measures [7, 8] , on complex evolutionary models [9] , or on the identification of folds that are defined similarly in several different classifications (i.e. meta-folds) [10] . However, fold subjectivity is barely an issue in terms of the usefulness of structural domain classifications for function prediction. Indeed, as mentioned already, existing structural domain classifications tend to consider the fold merely as a practical way to organise the superfamily data and group together putative homologies. Furthermore, the majority of folds (83%) comprise only one superfamily, and folds with several superfamilies are often dominated by a very large one, with many very small superfamilies that could be homologues of the dominant superfamily [Cuff et al., submitted for publication].
Thus, for function analysis and prediction, the superfamily is the primary unit of classification. Because structure is generally more conserved than sequence during evolution, structural data are often more appropriate to identify remote homologies [11] . However, in some superfamilies, there is increasing evidence that domains can undergo significant structural changes during evolution [6, 9, [12] [13] [14] . Such situations can occur via a number of different evolutionary mechanisms that include circular permutations [9] , segment-swapping [14] , addition of major structural embellishments to a conserved structural core [12] , or more dramatic fold changes [13] . Furthermore, Murzin and co-workers have shown that a given protein can display very different structures in different situations [14, 15 ] , and other recent studies suggest that domains that seem unrelated as a whole may contain evolutionarily-conserved subparts [16, 17] such as their active sites [18 ] . Many of these extremely structurally diverse relatives have only been identified because of the increase in sensitivity of profile-profile-based and HMM-HMM-based strategies [19] that can detect the rare sequence signals that remain despite the large structural changes.
Recent research in our group shows that whilst there can be extensive structural diversity between homologues in CATH [12, 20] , with relatives varying up to threefold in size in some superfamilies [12] , closer observation reveals that this structural diversity, including the global fold change that sometimes occurs, is generally due to extensive structural embellishments to a conserved 'topological core' rather than to dramatic changes in the core itself (see Figure 1) [Cuff et al., submitted for publication]. Less than 100 superfamilies (<4% of CATH) exhibit substantial structural variation, though these superfamilies account for 60% of non-redundant structures and 40% of predicted structures in the genomes.
For both the SCOP and CATH classifications, homology takes precedence over fold similarities, so neither classification is strictly hierarchical anymore, since in some families a small percentage of homologues may have different folds and even occasionally architectures. However, it is important to remember that 1753 (84%) CATH domain families can be accommodated in a Figure 1 Structural embellishments to the core among members of the mechanistically diverse haloacid dehalogenase superfamily. Elements of secondary structure coloured in red represent the common structural core of the superfamily, whereas those coloured in grey represent embellishments. These enzymes catalyse different reactions although these reactions all share a common mechanistic attribute. Domain 1sxvA01 is part of M. tuberculosis Pyrophosphate phospho-hydrolase, 2b82A00 is from E. coli Class B acid phosphatase, 1nnlA01 is from Human Phosphoserine phosphatase, 2o2xA01 is from a Mesorhizobium loti putative phosphatase and 2ghtA00 is from Human Ctd phosphatase.
hierarchical classification whereby all homologues share a similar fold in the sense that they can be superposed with a normalized RMSD <5 Å [Cuff et al., submitted for publication].
Fold and function
Even though functional inference is generally made on the basis of evolutionary relationships, fold recognition can sometimes assist function prediction [21] . Some folds shared by proteins with different functions still maintain common functional characteristics. For example, the TIM-like (b/a) 8 barrels or Rossmann folds, are characterised by supersites, that is, functional sites that often locate in similar regions of the three-dimensional structure [22] . These supersites may hint at remote homologies but whatever the cause of the similarity, fold recognition can help in identifying residues that are likely to be functionally important.
Superfamily and function
Duplication of a gene can give rise to homologous copies that may diverge in function [23, 24 ] . By classifying remote evolutionary relationships, a major benefit of structural domain classifications is their capacity to reveal the structural variations that emerge during evolution and modify protein functions [25] [26] [27] . Analyses of superfamilies provide structural characterisation of conserved and variable features (see Figures 1 and 2 ) and comparative superfamily analyses can help rationalise the tendency for some to diverge further in structure and function than others. For example, superfamilies adopting layered domain architectures such as aba, ab and b sandwiches
Figure 2
Structural changes between homologous domains from the HUP superfamily mediate changes in molecular function, which in turn can affect the biological processes in which the proteins are involved. HUP domains are shown in colours; structural elements that are common to all HUP domains on the figure are coloured pink, and structural embellishments are coloured dark blue. appear more able to accommodate structural embellishments to the domain core. Such embellishments can modify active sites and domain or protein partnerships [12] . Yet, other factors such as functional properties that are not directly related to structure may also affect the evolutionary expansion of superfamilies [28] .
Most structural domain superfamilies (>70% of superfamilies in CATH) are rather homogeneous in function [27] , and recognizing membership of a new domain to such superfamilies generally allows inheritance of the function of the other superfamily members [29, 30] . For very remote homologues in these superfamilies, function can often be assigned using reliable structure comparison methods (e.g. CE [31] , DALI [32] , CATHEDRAL [33] , FatCat [34] ; see also [1, 25] for reviews).
However, a relatively small number of domain superfamilies (less than 100 in CATH, i.e. <4%) are very diverse in terms of sequence, structure and function, and these superfamilies appear to account for disproportionate fractions of domain sequences. Indeed, 40% of domain sequences predicted to belong to CATH superfamilies are members of these large and diverse superfamilies [11, 26, 35 ], and characterisation of their functional diversity is a very active field of research [36,37 ,38-40] . Apart from directly modifying functional sites, structural changes can promote diverse domain and protein partnerships (see Figure 2 ) that enable homologues to participate in different biological pathways and functional networks [41] .
Helpful illustrations of functional diversification mediated by structural changes between homologous domains can be found in the HUP domain superfamily [42] , which we are currently studying in our group. HUP domains belong to an ancient superfamily, and are found in proteins involved in a wide variety of different functions. They share a common Rossmann-like core, with a central parallel b-sheet surrounded on both sides by a-helices. In addition to small-scale structural changes in their active sites, which allow different HUP domains to bind very different types of ligands, larger changes encompassing several elements of secondary structure, that is, structural embellishments, are likely to have provided HUP domains with raw material for functional changes (see Figure 2) . For example, the 3 extra anti-parallel b-strands found at the periphery of the central b-sheet in Electron Transfer Flavoproteins (Figure 2a ) allow these domains to bind another protein to form a complex that is essential for their function. The large, mainly a-helical extension of the central bsheet in Asparagine Synthetase B (Figure 2b ) largely participates in contacts with an extra protein domain that is responsible for binding one of the substrates of that enzyme. Loops that are part of a major embellishment in Arginyl-tRNA synthetase (Figure 2c ) participate in the binding of the tRNA ligand. And finally, Pantetheine-phosphate Adenylyltransferase is a homohexamer where each subunit consists of a single HUP domain, in which structural embellishments map to the inter-subunit interfaces (Figure 2d) . These examples show that in a single superfamily, different structural embellishments of the common core, participate in binding specific ligands, other domains in the same protein, other identical subunits in a homo-multimer, or other proteins in a complex. In turn, these different molecular partners are generally crucial for mediating various changes in function.
Despite the functional diversity observed in such large and diverse superfamilies, particular functional features are often conserved. Thus, mechanistically diverse enzyme superfamilies comprise relatives that share a common mechanistic attribute in the different reactions they catalyse [43] . For instance, haloacid deholagenases catalyse a wide variety of reactions that all involve the formation of a covalent enzyme-substrate intermediate through a conserved aspartate that in turn facilitates cleavage of C-Cl, P-C or P-O bonds [43] (see also Figure 1 ). Mechanistically diverse superfamilies are catalogued by Babbitt and co-workers in the StructureFunction Linkage Database [44] and have been the subject of increased attention in recent years [43,45 ,46,47] , notably via a specific structural genomics initiative [48] . Several scenarios have been suggested to explain the evolution of such superfamilies; for instance, large-scale studies of enzyme superfamilies have shown that homologues are frequently recruited to different pathways where perhaps they bring a chemical activity characteristic of their superfamily [27, 49] . Other large, diverse, superfamilies display conservation of parts of their ligands [37 ] , possibly as the result of metabolic pathway retrograde evolution where the duplicated copy of an enzyme is recruited to catalyse the previous reaction in the same metabolic pathway [27, 50] . A well-known possible example of such an evolutionary process may be found in enzymes of the tryptophan biosynthesis pathway [49] .
If we aim to achieve a domain grammar for protein function, the large diverse superfamilies are clearly more problematic for function assignment. However, there have been encouraging developments in sequence [51] [52] [53] [54] and/or structure-based methods [55-57] for characterising functional subgroups within these superfamilies. The SCI-PHY method from the Sjö lander group appears particularly promising for recognising distinct sequence patterns between functional subfamilies. When sufficient structural data are available the FLORA method, adopted for CATH, is able to capture structural characteristics that are highly distinctive for a set of functionally related homologues [Redfern et al., submitted for publication] (see Figure 3) . Pair-wise and template-based structure-function methods can also be applied across a superfamily to locate conserved features (for reviews see [25, 58] ) and the Profunc [59] , ProKnow [60] and JAFA [61] servers combine multiple approaches to predict functional annotations.
Domain combinations and function
Domains frequently combine to give multi-domain proteins with diverse functions (see Figure 4) [4 ,62 ] and structural classifications can enable the description of more accurate multi-domain architectures by providing domain boundaries that are often more reliable than those based purely on sequence information (as in Pfam [63] and ProDom [64] , for example). The potential leverage of domain definitions from structural domain resources has increased greatly owing to the development of protocols and associated resources (Gene3D [29] , SUPERFAMILY [30] ) that predict structural domain annotations in genome sequences [29] .
Many of the largest most structurally diverse superfamilies mentioned previously are also highly promiscuous or versatile, combining with many other domains [41] , and recent work has focussed on better characterising the functional properties of this domain promiscuity [65, 66] . In addition, some domain families with particular molecular functions that can be ascribed to specific structural features may make them more amenable to combine with other domains to form proteins with novel functions. For example, domain families with a Rossmann-like topology can usually accommodate nucleotides in a cleft formed by the C-termini of the strands in the central b-sheet. The inherent structural ability to bind nucleotides may drive domains with Rossmann folds to combine with different domain types performing functions that require nucleotide hydrolysis. In this line of thought, a recent survey of function evolution upon changes in domain context by Bashton and Chothia showed that a number of domain types conserved a specific function that they were able to carry out in different domain contexts [4 ] .
The conservation of function in the majority (>70%) of superfamilies and the ability to locate conserved features or distinguish functional subtypes in the diverse superfamilies has prompted efforts to provide domain-centric function annotation schemes [67, 68] , where the function of a full-length protein can be inferred from the combination of molecular functions contributed by the individual domains [4 ] . The fact that structural domain Residues that belong to the common core of the whole superfamily are coloured pink, residues that are part of embellishments of each particular domain are coloured dark blue, and residues identified by FLORA as being specific to all domains in a functional subgroup are coloured green. All three domains have FLORA positions detected in the typical Rossmann fold active site located at the C-terminal half of the central b-sheet; these are most probably detected by FLORA owing to slight but significant variations in the local structure of this main active site. In 1od6A00, another FLORA motif is identified in a region involved in inter-subunit contacts, whereas an extra FLORA motif in 1f7uA01 maps to subgroup specific tRNA-binding loops.
classifications provide much fewer domain types with more general functional characteristics could make them more appropriate and flexible in this complex combinatorial process.
Conclusion
Comprehensive structural domain classifications were set-up more than fifteen years ago, with the aim of exploiting structural data to recognise evolutionary superfamilies. Despite the challenges involved in this, particularly the fact that homologous domains can undergo major structural changes during evolution, analysis of structural domain superfamilies has enabled major advances in our understanding of the evolution of protein function. First, these resources allow the systematic identification of very remote evolutionary relationships, which can in turn shed light on sequence and structure changes that bring about functional variation across a superfamily. Secondly, increasing body of evidence suggests that domains are a useful level of protein organisation for analysing and predicting protein function. Taken together, and with the expected expansions in structural data from the structural genomics projects, combined with the increased ability to predict structural domains in genomic sequences, structural family resources should contribute significantly to our attempts to move towards a domain grammar of protein function. 
